Abstract We review our experience with unusual ocular pathologies, some mimicking retinoblastoma, that were referred to our institution during the past two decades. After presenting the imaging anatomy of the normal eye, we discuss pertinent clinical and pathological features, and illustrate the US and MRI appearance of retinoblastoma, medulloepithelioma, uveal melanoma, persistent fetal vasculature, Coats disease, corneal dermoid, retinal dysplasia and toxocara granuloma. Features useful in discriminating among these entities are emphasized.
Introduction
Leukocoria is an abnormal white reflection from the retina of the eye compared with the normal "red reflex." From the Greek "leukos" (white) and "kore" (pupil), leukocoria signifies an abnormality between the lens and the retina, representing a threat to vision and/or life. Adults may have leukocoria as a result of trauma, glaucoma or other intraocular masses. Leukocoria in children is often the clinical finding of retinoblastoma but may be due to other ocular diseases. The lengthy differential includes other intraocular malignancies (medulloepithelioma), congenital malformations such as persistent fetal vasculature, Coats disease, corneal dermoid, retinal dysplasia and Norrie disease, and infectious reactions (toxocara granuloma). Retinal detachment and more common etiologies, such as ocular trauma or disorganized growth of retinal blood vessels in premature infants (retinopathy of prematurity), can cause leukocoria but are excluded by eliciting pertinent elements during the history and physical exam. An accurate diagnosis of the other more rare ocular pathologies requires recognition of specific clinical features, imaging and, if needed, histopathological features. This pictorial essay describes imaging and clinical features of unusual ocular pathologies that were referred to our large retinoblastoma center. An accurate diagnosis was possible using clinical features and imaging although some Fig. 1 Normal eye anatomy on transverse. a US. b T1-W MR images. C cornea, L lens, I iris, A anterior chamber, CB ciliary body, V vitreous chamber, R retina Fig. 2 Images in a 1-year-old girl who presented with leukocoria of the right eye due to retinoblastoma. a Clinical face photo of leukocoria. b Transverse US image shows the solid retinoblastoma (R) with numerous internal microcalcifications (tiny hyperechoic foci) typical of retinoblastoma. A detached retina (arrow) is also apparent. c T1-W axial image of the same eye shows the retinoblastoma (arrow) to be slightly hyperintense to the vitreous. d CISS axial image shows the tumor (arrow) is hypointense to vitreous. These signal characteristics are typical of retinoblastoma. Note that microcalcifications are not apparent on MRI but are well visualized by US. Current studies support the use of both US and MRI in the assessment of ocular tumors. CT adds little information in this setting and is not indicated. e Pupil-optic nerve section at low power shows combined exo-/ endophytic retinoblastoma. f Retinoblastoma tumor expands into the vitreous, creating vitreous seeds (black arrowhead). Patchy necrosis (N) is present. g Retinoblastoma tumor erodes through retina, distorting the retinal layer. Areas of the tumor form rosettes (R) or are poorly differentiated (PD) children with advanced ocular disease and lack of visual potential at diagnosis underwent enucleation after consultation with their families. We present clinical and pathology findings as well as US and MRI that illustrate salient features of each disease in addition to an algorithm that may be useful in establishing the correct diagnosis.
Normal eye anatomy and imaging modalities for assessing the eye An awareness of normal eye anatomy is critical to accurately evaluate lesions presenting with leukocoria and masquerading as retinoblastoma. The US and MRI appearances of the normal eye are reviewed in Fig. 1 . In general, US is useful to delineate areas of calcification within intraocular lesions, identify tissue interfaces and reveal patterns of vascularity using Doppler technology. MRI is less sensitive than US for detecting calcification but more sensitive to tumor extension into the optic nerve and subarachnoid spaces [1] . Therefore, these modalities are complementary and both are routinely used at our institution. We perform US with children awake; a typical examination takes 10 to 15 min. Only rarely do we find it necessary to perform US while the child is sedated for MRI. We use a linear, highfrequency transducer with a small footprint that is placed directly on standard US gel applied to the closed eyelid. The US machine's mechanical index is kept ≤ 0.23 to conform to FDA guidelines and minimize risk of thermal injury to the eye [2] [3] [4] . Color Doppler is performed routinely to assess the vascularity of the intraocular mass, to assess the relationship of the mass to the optic disc and to help distinguish dense subretinal fluid from a solid mass. MRI requires some level of sedation to provide optimal images. Guidelines for standardized MR imaging of the eye were recently published [5] . At our institution, we use a 32-channel total imaging matrix (TIM) coil to obtain images of the orbits and head during the same scanning session. Imaging of the orbits includes thin (3 mm), precontrast axial and coronal constructive interference steady state (CISS, heavily T2-W) and T1-W sequences and postcontrast, fat-saturated T1-W sequences. Imaging of the head includes precontrast sagittal T1-W and axial fat-saturated T2-W and diffusion-weighted sequences followed by postcontrast, sagittal T1-W magnetization prepared rapid gradient echo (MPRAGE) and axial T1-W and fluid attenuated inversion recovery (FLAIR) sequences. We do not perform CT for assessment of intraocular tumors due to the inherent exposure of children to ionizing radiation and the association of radiation-induced secondary malignant neoplasms in children with leukocoria who are ultimately diagnosed with hereditary retinoblastoma. In modern-day practice, the combination of US, MRI and fundoscopy obviates the need for CT in the setting of pediatric ocular tumors [5] .
Retinoblastoma
Retinoblastoma (RB) is the most common intraocular malignancy of childhood and the most common cause of childhood leukocoria (Fig. 2) . While most children present before 4 years of age, 30% to 40% of children will have a germline mutation in the RB1 gene and present at an earlier age with multifocal, bilateral disease [6] . Children with the genetic form of retinoblastoma are at an increased risk for developing primary intracranial neuroectodermal tumors in the pineal or suprasellar region, termed trilateral retinoblastoma; this form of disease carries a very poor prognosis [7] . Since 3-9% of children with heritable retinoblastoma will develop trilateral retinoblastoma, neuroimaging every 6-12 months until age 5 has been recommended [6, 8] . When diagnosed early and treated with a combination of systemic chemotherapy, focal therapy (i.e. laser photocoagulation, thermotherapy, cryotherapy, plaque radiotherapy), external beam radiation and surgery (enucleation), this malignancy is curable in more than 95% of children [6] . When direct ophthalmological evaluation is limited by cataracts, hyphema or disease progression, imaging with US and MRI provides important disease assessment. Solitary or multiple intraocular masses, often with calcification in older or advancedstage children, are readily visible by US. US can also demonstrate associated retinal detachment and vitreous seeding (Fig. 2) . MRI demonstrates lesions that are hyperintense to vitreous on T1-weighted sequences and hypointense to vitreous on T2-weighted sequences (Fig. 2) [9] . US and MRI features of RB have been previously well described [9, 10] .
Medulloepithelioma (diktyoma)
Another intraocular malignant tumor, medulloepithelioma, usually occurs in the first decade of life. This nonpigmented, vascular mass is distinctly different in location compared with retinoblastoma; it arises from and is localized to the ciliary body. It is associated with superficial cystic elements, vision loss, a lens notch and pain due to subluxation of the lens [1, 11, 12] . Associated retinal detachment is common. Children may demonstrate rubeosis (neovascularization), leading to secondary neovascular glaucoma [11, 12] . With rare presentations of the mass in the optic nerve or retina, especially with dystrophic calcifications, histopathological examination demonstrating a characteristic pattern of folded cords and sheets (resembling a fisherman's net or "diktyomatous" pattern) is required to differentiate this lesion from retinoblastoma [1] . US or MRI demonstrate a solid mass with cystic components, usually arising from the ciliary body (Fig. 3) . The solid component generally enhances markedly on MRI after contrast administration (Fig. 3 ) [1] . Although most medulloepitheliomas are cytologically malignant, distant metastasis and mortality are rare [1, 11] . Iridocyclectomy may be followed by local recurrence requiring enucleation [11, 12] . However, local resection is most often not feasible and therapeutic enucleation is required due to the malignant potential of this mass.
Uveal melanoma
Ocular melanoma arises from melanocytes most commonly in the uveal tract (iris, ciliary body and choroid) of the eye. In adults, uveal melanoma is the most common primary ocular malignancy, however, only~1-2% of uveal melanoma cases are reported in patients younger than 20 years of age [13, 14] . Most patients are Caucasian and present with unilateral disease [14] . Associated syndromes, such as neurofibromatosis type 1, oculo (dermal) melanocytosis, dysplastic nevus syndrome [15] and even congenital cases [16] have been reported. In one series, oculo (dermal) melanocytosis (hyperpigmentation of the episclera, uvea, orbit, meninges and periocular skin) was nine times more common in young patients with uveal melanoma than in the general population with uveal melanoma [14] . Local control with radiation or enucleation is the primary treatment modality. Although short-term survival in children (95% at 5 years) is superior to adults, long-term survival (77%) is similar [14] . The risk of metastasis is lifelong and regular monitoring is needed [14] . Uveal melanoma may have one of three configurations: 1) lentiform, 2) mound and 3) mushroom shaped. The mushroom configuration is considered almost pathognomonic of Fig. 4 Images in a 17-year-old boy who presented with irritation, redness and blurred vision in his right eye. a Transverse US shows mounded appearance of choroidal melanoma (arrow) with associated detached retina (curved arrow). Note lack of calcification in tumor. b Noncontrast-enhanced T1-W axial MRI shows the choroidal tumor (arrows) to be slightly hyperintense to vitreous. c CISS axial MRI shows the tumor (arrows) to be very low signal intensity. These signal characteristics are typical of most melanomas. d Postcontrast axial TW-1 MR shows minimal enhancement of tumor (arrows). The detached retina is difficult to appreciate on these MR images. e Whole eye pathology specimen demonstrates domed shape of the choroidal melanoma as it arises from the choroid with an associated serous retinal detachment (*)
66% of cases and is a sign of advanced disease [17] . The US features of uveal melanoma are described in ophthalmology literature and include a solid, hypoechoic mass that lacks calcification (Fig. 4) [17, 18] . The MRI features of uveal melanoma are well-described and depend on the amount of melanin within the tumor, which can range from absent to strongly pigmented. Approximately 31% of uveal melanomas are amelanotic or minimally pigmented. The remainder exhibit shortening on both T1-W and T2-W MR images resulting in high signal on T1 and very low signal on T2-W images. Uveal melanoma typically shows minimal enhancement after contrast administration (Fig. 4 ) [19] .
Persistent fetal vasculature (persistent hyperplastic primary vitreous)
Persistent fetal vasculature (PFV) is the second most common cause of leukocoria [1] (Fig. 5) . In contrast to retinoblastoma, PFV is characterized by a lack of intraocular calcification and the presence of microphthalmia [1] . PFV is a congenital, nonhereditary failure of the embryonic primary vitreous to regress, resulting in continued proliferation and formation of a retrolental mass with cataract in the anterior segment [1, 20] . This fibrovascular mass may invade the posterior lens capsule where it is characterized by a prominent retinal fold or white opaque membrane [20] . While most cases are sporadic, inherited autosomal dominant or recessive cases have been reported, and this disease can occur with other disorders such as AxenfeldRieger syndrome, neurofibromatosis and Aicardi syndrome [20] . PFV is unilateral in more than 90% of cases, and vitreous hemorrhage and neovascular glaucoma are the most common complications necessitating enucleation [1] . Visualization of a vertical septum (Cloquet canal) between the optic disc and posterior lens is a diagnostic hallmark [1, 21, 22] . Using Doppler US, a persistent hyaloid artery within the canal is noted in more than half of cases (Fig. 5) [1, 21 ].
Coats disease
Coats disease is a congenital, nonhereditary vascular malformation. Historically, children with Coats disease underwent enucleation if a diagnosis of retinoblastoma was considered, but this happens less frequently with improved understanding of imaging and clinical features that distinguish these entities [23] (Fig. 6) . Coats disease is characterized by focal areas of retinal telangiectasia progressing to full breakdown of the blood-retina barrier, allowing blood and blood products to leak into the Fig. 6 Images in a 4-year-old boy with Coats disease presented with leukocoria in the left eye and was suspected to have retinoblastoma. a Axial CISS MRI demonstrates exudate with high signal intensity due to cholesterol and lipidladen subretinal exudate (straight arrow) causing massive retinal detachment (curved arrows). b Axial precontrastenhanced and (c) postcontrastenhanced T1-W MR image show typical lack of enhancement of subretinal fluid with linear enhancement at the border of exudate and vitreous (arrows). d Transverse US shows tiny echogenic "speckles" likely due to lipoproteinaceous exudate floating in subretinal space. As in this example, microcalcifications are usually absent. e H&E staining of a paraffin section through the optic nerve with subretinal exudate (pink) and severely detached retina (arrow). f H&E staining of exudate shows cholesterol crystals (arrow) retina and subretinal space. This fluid is comprised of cholesterol crystals and lipid-laden macrophages [24] . Peripheral portions of the retina are affected early, with progressive fluid accumulation leading to thickening and detachment of the retina resulting in vision loss [1] . Coats disease has a male predominance and peak age incidence of 6-8 years (range, 5 months to 71 years). This is older than that of retinoblastoma, which has a peak incidence of about 18 months of age [1, 23] . Typical presentation (>80%) is unilateral leukocoria, but children may have strabismus or painful glaucoma [1, 23] . Volumetric measurements reveal the involved globe to be smaller than the uninvolved globe in most cases. MRI shows lack of enhancement of the subretinal Fig. 7 Images in a 3-year-old girl with corneal dermoid. The mass had been present since birth and grew in proportion with the child. a Diagram shows normal fetal eye development from earliest (left) to most mature (right). During early normal eye development, the surface ectoderm thickens to form a lens placode and invaginates with the underlying neuroepithelium of the optic vesicle (image 2) to form a cup-shaped structure (image 3). The bilayered optic cup will give rise to the neural retina (inner layer) and retinal pigmented epithelium (outer layer, image 4) (adapted from [33] ). b Clinical photograph of typical corneal dermoid, a round, yellowish mass arising from the ocular surface (c) Axial T1-W and (d) CISS MR images show septated, cystic dermoid arising from corneal surface (arrows), absence of lens and layering vitreous debris (curved arrow). e Transverse US image of corneal dermoid shows anterior chamber cysts (arrow) and absent lens. In this example, vitreous debris is evident on T2-W MRI and US images (curved arrows). f Whole eye H&E shows keratinized epithelium in the place of cornea (arrows). The lens is absent suggesting failure of the embryonic lens placode to invaginate. The neurosensory retina, choroid, sclera and optic nerve appear normal. g Higher power image shows associated dermal elements (straight arrow) and cystic inclusions (curved arrow) space, absence of calcifications and high signal intensity on T2-W images due to high fat content. Proton MR spectroscopy of the exudate demonstrates a peak at 1-1.6 ppm due to lipoproteinaceous material [1] . US may demonstrate low-level echoes (cholesterol crystals, lipidladen macrophages, blood products) floating in the subretinal space, large volume of subretinal exudate and detached retina (Fig. 6) . Calcification is rarely present in Coats disease [1, 21] .
Corneal dermoid
This congenital malformation of the lens placode results in a hamartomatous corneal lesion at birth (Fig. 7) . On the ocular surface, the lesion is round or ovoid in shape, yellowish-white in color, solid and well vascularized [25, 26] . It may contain ectodermal derivatives such as hair and sebaceous and sweat glands embedded in connective tissue, covered by epithelium [1] . Imaging features reflect varying degrees of lens malformation (sometimes absent) and corneal surface mass.
Retinal dysplasia
Retinal dysplasia describes the reduction or absence of retinal ganglion cells, nerve fibers and blood vessels (Fig. 8 ).
On histopathology, retinal malformation, tenting and detachment are combined with rosette formation and optic nerve aplasia. If both eyes are affected, an association with several syndromes has been described (i.e. trisomy 13, or WalkerWarburg syndrome) [27] . If a careful family history and systemic evaluation in a male patient with retinal dysplasia documents blindness shortly after birth, mental retardation and hearing loss, a diagnosis of Norrie disease can be established [28] . Molecular testing to confirm mutations of the NDP gene (Xp11.4) is available and may be recommended with genetic counseling to ascertain carrier status for girls [29] . This x-linked recessive disorder may present with a white retrolental membrane (leukocoria) and retinal detachment that eventually lead to phthisis bulbi, a nonfunctional, shrunken eye. The abnormal vasculature in Norrie disease results in a retinal pseudoglioma with an avascular peripheral space. Children with retained light perception may undergo vitrectomy [30] , but no other effective therapies have been established for the ocular manifestation of Norrie disease. On funduscopic examination, retinal dysplasia may range from simple to massive retinal folding. There are often central stalks extending from the posterior lens to the optic disc with detached retina causing highly disorganized microphthalmic eyes [31] . The intensity of MRI enhancement of dysplastic retinal tissue after contrast administration depends on the Fig. 8 Images in a 7-month-old boy with retinal dysplasia who presented with inability to follow objects with his left eye. a Axial CISS MRI shows thickened, detached retina (straight arrows). The vacuole (curved arrow) may be contiguous with vitreous. Note left microphthalmia due to the highly disorganized retina. These features are often seen in retinal dysplasia. b Axial precontrast-enhanced T1-W MRI shows subretinal exudate (arrows) (c) Postcontrast-enhanced T1-W MRI shows dysplastic thickened retina (arrows) with moderate contrast enhancement. d Transverse US image shows dysplastic thickened retina (arrows) and subretinal exudate. e Doppler US image shows prominent vascularity of dyplastic retinal tissue (arrow), consistent with degree of enhancement seen on postcontrast MRI in b. Degree of vascularity is variable in dyplastic retina. f Low power H&E staining shows thickened, dysplastic retina (arrows) and subretinal exudate (pink material). g High power H&E staining shows rosettes (arrow) typical of retinal dysplasia number and quality of vessels, but the characteristic linear structure of retinal detachment may be preserved [27] . Proliferation of intraocular tissue may cause leukocoria. Small calcifications may be present [27] .
Toxocara endophthalmitis
Resulting from a hypersensitivity response and T-cell granulomatous reaction to infestation by the larval form of the nematode Toxocara canis (in dogs) or Toxocara cati (in felines), toxocara endophthalmitis (Fig. 9) commonly presents with unilateral vision loss and less commonly with strabismus, pain and redness [1] . Humans become infested by oral-fecal route after exposure to soil or sandboxes frequented by domestic dogs or cats, more commonly puppies or kittens than adult animals [32] . While larvae may reach any organ, ocular involvement (ocular larva migrans) often occurs in the absence of systemic (visceral larva migrans) infestation [1] . Larvae may cause a posterior pole granuloma, peripheral choroidal sclerosing inflammation, or diffuse endophthalmitis with tractional retinal detachment [1] . Secondary subretinal exudates may contribute to retinal detachment. Histopathology demonstrates eosinophilic inflammatory changes within the choroid; the small larvae are difficult to detect [1] . When calcification is absent on imaging, this condition often mimics Coats disease [1, 21, 22] . Antihelminthic agents are required for treatment.
Summary
Pediatric ocular masses pose a challenging diagnostic dilemma. While children who present with leukocoria (white reflex) require an ophthalmology referral to rule out retinoblastoma, a lengthy differential must be considered by the evaluating physician. A detailed history may identify recent ocular trauma, prematurity, exposure to puppies or coexisting congenital abnormalities that can distinguish some ocular masses within the differential. However, the more rare ocular pathologies that may mimic retinoblastoma require an ophthalmology examination, imaging and, if needed, histopathology. The imaging and clinical features described in this pictorial essay illustrate important features that distinguish pediatric ocular masses. We also provide an algorithm (Fig. 10 ) that may be useful in establishing the correct diagnosis. Fig. 9 Images in a 3-year-old boy with toxocara endophthalmitis who presented with a 1-year history of leukocoria and was suspected to have retinoblastoma. a Axial precontrast-enhanced and (b) postcontrastenhanced T1-W MRI show slight enhancement of partially calcified granuloma (arrows) caused by larval invasion of the posterior pole. c Axial CISS MRI shows calcified granuloma in posterior pole (curved arrow) and apposed leaves of severely detached retina (straight arrows) caused by massive subretinal exudate. d Longitudinal US images show apposed leaves of detached retina (straight arrow) and calcified granuloma (curved arrow). Note diffuse low-level echoes due to massive amount of subretinal exudate. e H&E staining shows calcified granuloma (straight arrow), exudate (pink material) and detached retina (curved arrows)
